Purpose The purpose of this report is to analyze the chromosome status and fertilization capability of sperm obtained from an infertile male patient with ring chromosome 15. Methods This was a case report at a private in vitro fertilization clinic. A man diagnosed with severe oligozoospermia carrying ring chromosome 15. To evaluate the chromosome status and fertilization capability, sperm from a patient carrying ring chromosome 15 were injected into enucleated mouse oocytes. Results The karyotypes of motile sperm from a patient carrying ring chromosome 15 were normal, and ring chromosome 15 was not observed in the chromosome spread samples of 1PN. In addition, these motile sperm retained the fertilization capability. However, the fertilization rates decreased (85.2, 76.2, and 64.3%, respectively) along with the decline of the aspect ratio of the sperm head (≥ 1.50, 1.30-1.49, and < 1.30, respectively).
Introduction
Recent advances in human-assisted reproductive technology (ART) have increased the chances for infertile couples to have children. In particular, the intracytoplasmic sperm injection (ICSI) technique is now widely used in the clinical setting for patients diagnosed with azoospermia or oligospermia [1] . This technique may help to cure infertile patients with ring chromosome(s), which are frequently accompanied by a severe sperm deficit [2, 3] . Ring chromosomes have been observed in all human chromosomes [4] , and the occurrence frequency is extremely rare in cases of clinical detection [5] . Ring chromosomes are considered to be formed by the breakage of chromosome arms, followed by the fusion of each broken end [6] . Ring chromosomes are inherited in < 1% of cases, occurring via the de novo re-formation of the ring chromosomes in the next generation [7] . A substantial number of studies have demonstrated that ring chromosomes can be transmitted to the next generation [2, 3, [8] [9] [10] , and the transmitted ring chromosomes are most frequently those of chromosomes 20, 21, and 22 [10] [11] [12] [13] [14] . Furthermore, when ring chromosomes are inherited, these transmissions frequently involve the mother [15] . Severe failure of spermatogenesis has frequently been observed in male ring chromosome patients, leading to azoospermia, cryptozoospermia, or oligospermia [16] [17] [18] . However, only one report has actually analyzed the Kazuyo Nishikawa and Fumiaki Itoi contributed equally to this work. ejaculated sperm of a man with ring chromosome 21 for ICSI selection using fluorescence in situ hybridization (FISH) [19] . In addition, few studies have tested the fertilization capability or chromosome status of sperm collected from patients with ring chromosome for ICSI.
The morphology and size of the sperm head are considered to be important criteria for sperm selection. In general, sperm with an elliptical head are selected for ICSI; some reports have shown that there is a correlation between the sperm head size/ morphology and the fertilization rate [20] /the rate of chromosome abnormalities [21, 22] . However, no studies have investigated the correlation between the sperm head size and ring chromosomes. We considered that the aspect ratio, as one of the measurements of the sperm head size [23] , may be an indicator that can be used to investigate their correlation. To address whether ring chromosomes can be transmitted to the next generation, we prospectively examined the chromosome status and fertilization capability of sperm obtained from an infertile patient, who was found to possess ring chromosome 15 by a karyotype analysis of his peripheral blood cells. With this objective, we selected sperm in a similar manner to that used to select sperm for ICSI in human ART, injected them into enucleated mouse oocytes, and examined the pronuclei formation. In addition, we tested the pronuclei formation rates by classifying the sperm head size according to the aspect ratio and the short-and long-axis lengths. Finally, to evaluate the chromosome status, we prepared chromosome spread samples from some of the fertilized oocyte samples. In this report, we show that ring chromosome 15 is not inherited in the patient's sperm and that ICSI may be a potential treatment strategy for infertility in these patients.
Case report
A patient visiting our clinic for ICSI was diagnosed as having ring chromosome 15: 46,XY,r(15)(p12q26.3) by lymphocyte karyotyping. The patient showed short stature, microcephaly, and triangular face, similar to Russell-Silver-like syndrome [24, 25] . His medical history included newborn ileus and cryptorchid testes. The patient was diagnosed as having severe oligozoospermia and asthenozoospermia based on an analysis of his ejaculated sperm (total sperm concentration, 0.68 × 10 6 /ml; concentration of motile sperm, 0.17 × 10 6 /ml) and low motile rate, as measured by a computer-assisted sperm analysis system (SMAS; Ditect Co. ltd., Tokyo, Japan). Thus, he requested to examine the rate of normal sperm in his ejaculated semen before ICSI because he was concerned whether his ring chromosome might be transmitted to his offspring.
Semen preparation
The semen sample was centrifuged with 90% Sil-select Plus ™ (FertiPro N.V., Beernem, Belgium) at 400×g for 20 min. The sperm pellets were re-suspended and centrifuged with modified human tubal fluid (M-HTF; Irvine Scientific, CA, USA) containing 5% human serum albumin (HSA; Irvine Scientific) at 300×g for 10 min. The sperm pellets were re-suspended with M-HTF containing 5% HSA and stored at room temperature in air until use in ICSI.
The preparation of mouse oocytes and the enucleation of oocytes Cumulus-oocyte complexes (COCs) were collected from the oviducts of female B6D2F1 mice (8-12 weeks old) in which superovulation was induced by consecutive injections of pregnant mare's serum gonadotropin (PMSG, 5 IU) and human chorionic gonadotropin (hCG, 5 IU) with an interval of 48 h. Sixteen hours after the injection of hCG, the mice were sacrificed to collect their COCs [26] . After retrieval, the cumulus cells were removed by the addition of hyaluronidase (ICSI cumulase; ORIGIO Japan, Yokohama, Japan) and pipetting. Metaphase II (MII) oocytes were used in the subsequent experiments.
The enucleation of mouse oocytes was carried out according to the methods described by Wakayama et al. [27] and Araki et al. [28] (Figure 1a ). The mouse oocytes were transferred to M-HTF containing 5% HSA and 5 μg/ml cytochalasin B (Sigma-Aldrich, MO, USA) at room temperature. The MII chromosome-spindle complex, with a minimal volume of ooplasm, was aspirated by pipetting. Enucleated oocytes were transferred to KSOM (Chemicon Specialty Media, NJ, USA) and were kept inside a 5% CO 2 incubator until sperm injection.
Intracytoplasmic sperm injection and the measurement of sperm size ICSI was performed as previously described [28, 29] (Figure 1a) . Briefly, the immobilization of motile sperm was carried out by several piezo pulses in 7% (w/v) polyvinylpyrrolidone solution (PVP; Irvine Scientific), and then sperm with each shape of Bsperm head^were selected using an inverted microscope at ×600 magnification (OLYMPUS IX71, Olympus Co., Tokyo, Japan) and pictures were taken for the calculation of the aspect ratio [23] (Figure 1b, c) . The aspect ratio was retrospectively calculated by measuring the short-and long-axis lengths of the sperm head (Figure 1d ). Finally, each type of sperm was injected into an enucleated oocyte by piezo pulse. After sperm injection, each oocyte was individually cultured in a KSOM droplet.
At 5-8 h after injection, an inverted microscope was used to determine whether or not one pronucleus appeared in the oocytes (Figure 1e ). After the confirmation of their presence, zygotes were cultured in KSOM containing 0.03 μg/ml vinblastine sulfate (Acros Organics, Geel, Belgium) in order to disrupt spindle formation [28] .
The preparation of chromosome spreads
At 15-16 h after sperm injection, zygotes that lost their pronucleus were prepared for chromosome spread analyses, as described previously [28] (Figure 1f, g) . Briefly, the zona pellucida was removed from the zygote using acidic tyrode solution (Tyrode's Solution; Irvine Scientific), washed quickly three times with 1% disodium citrate containing 0.2% fetal bovine serum (hypotonic solution) for hypotonic treatment, and placed in 0.2 ml of hypotonic solution for approximately 15 min. Then, approximately 10 μl of fixative solution (methanol: acetic acid = 3:1) was gently added into the hypotonic solution. Each mild fixative zygote was mounted individually with a small volume of solution on top of a glass slide, and each zygote was replaced with fixative solution. After drying, the samples were stained with 2% Giemsa's stain solution, (Muto Pure Chemical Co., LTD, Tokyo, Japan) for 8 min.
Statistical analyses
The χ 2 test was used to evaluate the significance of the proportion (%). P values of < 0.05 were considered to indicate statistical significance.
Results
The karyotypes of motile sperm from a patient carrying ring chromosome 15 were normal, and ring chromosome 15 was Fig. 1 The experimental procedure. a Enucleated oocytes were injected with human sperm; the chromosome spreads were prepared at a later time. b Pictures of each sperm head were taken to calculate the aspect ratio. Tables 2, 3 , and 4). We retrospectively calculated the aspect ratio by measuring the short-and long-axis lengths of 145 sperm heads injected into enucleated mouse oocytes, with the data analyzed later. We then examined the correlation between the fertilization rates and the aspect ratio of sperm head. As shown in Table 2 , we found that the 1PN rates decreased (85.2, 76.2, and 64.3%, respectively) along with as the aspect ratio decreased (≥ 1.50, 1.30-1.49, and < 1.30). On the other hand, the nonfertilization rates increased. The rate of the group of ≥ 1.50 aspect ratio was significantly lower (7.4%) in comparison to that of the < 1.30 group (32.1%). We next examined the correlation between the fertilization rate and the short- (Table 3) and long-axis lengths (Table 4) of the sperm heads. Interestingly, we found that there was a correlation between the short-axis length of the sperm heads and the 1PN formation rates; the 1PN formation rates in the < 2.70 and 2.70-3.09 groups were significantly higher in comparison to the ≥ 3.10 group. On the other hand, the non-fertilization rates decreased (32, 13, and 7%, respectively) along with the decline in the short-axis length (≥ 3.10, 2.70-3.09, and < 2.70, respectively). However, we did not find any correlation between the longaxis length of the sperm heads and 1PN formation, or the nonfertilization rates (Table 4) .
Discussion
In the present study, we analyzed the sperm of an infertile patient carrying ring chromosome 15. The motile sperm showed a normal karyotype without ring chromosome 15 and had adequate fertilization potential. Furthermore, the fertilization and non-fertilization rates differed according to the aspect ratio and the short-axis length of the sperm heads. Several studies have described the formation of ring chromosomes other than chromosome 15. Ring chromosomes are rarely inherited to the next generation [2, 3, [8] [9] [10] , but once transmitted, they can cause malformation syndrome in progeny [4, 30, 31] . Kosztolanyi et al. reported that the proportions of inherited ring chromosomes were < 1% and that ring chromosome may have arisen by the de novo re-formation in the next generation [7] . However, few studies have examined patients with ring chromosomes treated with the ICSI technique. Bofinger et al. reported for the first time that the transmission of ring chromosome Y was observed after ICSI of sperm from a patient with severe oligospermia [3] . In addition, Spinner et al. also reported that supernumerary ring chromosome Y The χ 2 test was used to evaluate the significance of differences between the proportions. a vs. b, the values with different superscript letters are significantly different (P < 0.05). 1PN, one pronucleus; others, cleavage and all fragmentation The χ 2 test was used to evaluate the significance of differences between the proportions. a vs. b, the values with different superscript letters are significantly different (P < 0.05). 1PN, one pronucleus; others, cleavage and all fragmentation was transmitted to a newborn infant following ICSI of sperm from the father, who had been diagnosed as infertile with oligospermia [32] . Although few studies have reported on the characteristics of sperm from patients with ring chromosomes, to the best of our knowledge, only one study reported that sperm actually contained ring chromosome 21 (based on the results of FISH). In that report, the incidence of ring chromosome 21 among the sperm that were likely candidates for ICSI selection under an inverted microscope was 7.7% (6.5% carried ring chromosome 21 and 1.2% carried both the ring chromosome and a normal homologue) [19] . However, no studies have analyzed the fertilization capability or karyotype of sperm obtained from men carrying ring chromosome using ICSI.
In the present study, similar to previous reports, the patient carrying ring chromosome 15 had the characteristics of Russell-Silver-like syndrome [24, 25] and severe oligozoospermia and asthenozoospermia [16] . This is the first report analyzing the chromosome status and fertilization capability of sperm obtained from an infertile patient with ring chromosome 15. These sperm did not contain ring chromosome 15 (Table 1) , and the motile sperm that were selected for ICSI had a normal karyotype, which is consistent with previous study [19] . Furthermore, the fertilization and non-fertilization rates differed according to the aspect ratio and the short-axis length of the sperm heads (Tables 2 and 3) .
These results may suggest that the vast majority of germ cells containing ring chromosome and/or other chromosomal defects may be eliminated during the course of spermatogenesis, which would eventually cause oligozoospermia [19, 33] . In support of this idea, a previous study showed that a ring chromosome was unable to pair with a sister chromosome at meiotic division, and these meiotic cells were arrested during spermatogenesis [34] . Furthermore, Gerton et al. reported that the process of chromosome pairing was essential for the first meiotic division [35] . Likewise, Hammoud et al. reported that ring chromosome 21 failed to pair, resulting in arrest at the first meiotic division [19] . Taken together, these findings suggest that sperm without ring chromosomes survive, and most germ cells containing ring chromosomes fail to become mature sperm.
Thus far, two controversial studies have been reported. One demonstrated that the sperm head morphology influenced the fertilization rate [20] . Namely, a lower aspect ratio and a longer short-axis length, which may lead to poor morphology, were thought to be possible causes of a decrease in the fertilization rate. The other study reported that the sperm head size had no correlation with chromosome abnormalities [21] . This latter study suggested that the aspect ratio and short-axis length of sperm heads may not be useful for selecting the sperm of healthy men without chromosome abnormalities. Nevertheless, our present data show that they have the potential to be good parameters not only for selecting sperm without chromosomal abnormalities but also for increasing the fertilization rate of patients with chromosomal abnormalities.
In conclusion, our results suggest that most of the ejaculated motile sperm with a good morphology and an appropriate aspect ratio or short-axis length may contain a normal karyotype, even in the patients with ring chromosomes. The method in this study may therefore be useful for deciding whether to administer ICSI treatment for infertile patients carrying chromosomal defects, such as ring chromosome. However, it will be necessary to test more chromosome spread samples from different patients in order to ensure the safety of using sperm heads with these characters as the criteria for choosing better sperm for ICSI treatment.
Authors' contributions KN conceived and designed the study, acquired the data, and drafted the manuscript. FI conceived and designed the study, carried out the experiments, acquired the data, performed the statistical analysis, and drafted the manuscript. MN carried out the experiments and helped to draft the manuscript. MJ carried out the experiments and helped to draft the manuscript. AM carried out the experiments and helped to draft the manuscript. JU conceived and designed the study and drafted the manuscript. TI conceived the study, participated in its design and coordination, and helped to draft the manuscript. All authors read and approved the final manuscript.
Funding This work was supported by MEXT KAKENHI grants (JP16K07099 and JP16H01319 to J.U., JP16K08748 to T.I.), Takeda 
